A computer model of sea floor spreading is presented. This time-dependent thermal model, which includes the presence of an adjacent continent, simulates not only the evolution of an oceanic region but also the thermal evolution of an Atlantic-type continental margin. Incorporation of the adjacent continent into a sea floor spreading model allows one to utilize geological and geophysical data from the continent and continental margin as constraints. In terms of the model parameters a more complete picture of the early spreading history and its relation to the initial rifting of the continent is provided. While vertical heat flow dominates in both the ocean and the continent proper, several effects of lateral heat flow across the ocean-continent boundary are seen. They are reflected in the surface heat flow and topography computed from the model. Owing to lateral heat flow, subsidence of the continental margin can be more rapid than has been estimated from previous models and is a strong function of horizontal position. Applied to the Norwegian-Greenland Sea, the model satisfies all available geophysical data for that area and produces oceanic depths nearly I km shallower than for other oceans of comparable age. It is consistent with the idea that thermal expansion is responsible for the unusually shallow depths and positive free air gravity observed in the Norwegian-Greenland Sea. These results may be applicable to parts of other oceans where large regions depart from the normal age-depth curve. Thermal depth anomalies are not necessarily indicative of increased heat input from below but may more generally reflect differences in the ratio of the heat entering the lithosphere to the spreading rat•. If it is correct, this concept may provide an origin for some of the shorter-wavelength relief (10-100 km) seen in oceanic basement. The heat flow distribution across the Norwegian continental margin is consistent with a thermal model in which the V•ring Plateau Escarpment is concident with the ocean-continent boundary.
INTRODUCTION THE MODEL
One method for investigating the implication of a surface heat flow distribution on processes occurring at depth in the earth is through the use of thermal models [e.g., Langseth et al., 1966; McKenzie, 1967] . In these models the oceanic lithosphere is assumed to behave as a moving two-dimensional slab of material which cool s conductively through its upper surface as it moves away from a vertical boundary held at the melting temperature. Although such models are likely to be gross oversimplifications of what occurs in nature, they serve to group causes into a finite number of categories. For this reason they can provide a unified set of parameters for comparing one region with another. With this in mind a thermal model has been developed in order to compare the Norwegian-Greenland Sea, as represented by the Mohns Ridge spreading center, with other world ocean spreading centers.
The Mohns Ridge spreading center ( Figure 1 ) provides a unique opportunity to constrain sea floor spreading models. Not only are there reliable heat flow measurements distributed uniformly over the age range of that spreading center [Langseth and Zielinski, 1974] , but also there are a series of reliable heat flow measurements on the Norwegian continental margin, and from Swanberg et al. [1973] , borehole measurements of heat flow and radioactive heat generation on the adjacent continent in Norway. Thus a two-dimensional model encompassing the Mohns Ridge spreading center, the continental margin, and the adjacent continent would be constrained by surface heat flow measurements along its entirety.
•Now at Geological Sciences Department, Gulf Science & Tech- In all of the computations the horizontal grid spacing was given a value of 10 km in regions such as near the ridge axis or the ocean-continent boundary, where large temperature gradients were anticipated or high resolution was desired. Elsewhere, it was increased to 50 km. In the vertical direction the grid spacing was increased in an arithmetic progression from 3 km at the surface to 48 km near 400 km. The time step was of the order of 65,000 years (for more details, see Zielinski [1977] ). Thermal diffusivity is taken to be a constant 0.009 cm2/s [Zielinski, 1977] . Partial melting at the base of the lithosphere was considered, however, for values less than 10%; effects were found to be negligible. Sample temperature output at 0, 10, 30, and 60 m.y. is shown in Figure 3 , with oceanic regions shaded.
Heat flow was computed by fitting a second-order polynomial to the temperatures at the upper three nodes, computing the gradient at the surface, and multiplying by a surface thermal conductivity of 2.9 W/møC (7 mcal/øC cm s) [Schatz and Simmons, 1972] .
If density is assumed to be a function of temperature, the resulting surface topography can also be computed from the temperature field [Langseth et al., 1966; Sclater and Francheteau, 1970] . In doing such computations, most workers have used the steady state ocean as a reference from which changes in topography were computed. For the model being presented, it has been more convenient to use as a reference an ocean at zero temperature throughout. Doing so allows one to compare topographic profiles of several models with differing thermal regimes to a common density reference.
Two mechanisms for isostatic adjustment are considered here. The first is the compensation by asthenospheric material for the sea water displaced by expansion and contraction of the oceanic lithosphere. This mechanism occurs on the oceanward side of the continental margin. In the second mechanism the density of the continent is chosen so that for a steady state temperature distribution its surface is at sea level and is in isostatic equilibrium with respect to the adjacent ocean. The second adjustment mechanism therefore gives rise to a difference in elevation due to the density contrast between ocean and continent. The oceanic block and the continental block are assumed to be completely decoupled with constant pressure at a depth of 400 km.
The constants assumed for the topographic calculations presented are as follows: the zero temperature ocean density and the density of the asthenosphere are both taken to be 3.33 g/cm 3. To produce realistic ocean depths, the zero-temperature continent must have a density of about 2.83 g/cm 3. The density of sea water is 1.03 g/cm 3, and the thermal expansion coefficient is assumed to be 3.22 x 10 -5 øC-' [Forsyth, 1977] .
The initial continental temperature distribution for most of the models presented is shown in Figure 2a Figure 8 , assuming that the theoretical ocean-continent boundary is coincident with the V6ring Plateau Escarpment. The dashed curve is for a model with no oceanic heat sources. In Figure 8 the decrease in heat flow from the ocean to the escarpment predicted by the models is significantly greater than the 'no continent' decrease, providing a much better fit to the data in that region. Since it is unlikely that the heat flow distribution is caused by the local environment, some deeper cause must be sought. One interpretation is that it is an expression of a heat flow edge effect due to the ocean-continent boundary being coincident with the V6ring Plateau Escarpment.
CONTINENTAL MARGIN EVOLUTION
Model MR has been shown to be in good agreement with all theoretical and data-related constraints for an ocean formed via sea floor spreading and bounded by an old (Precambrian to Early Paleozoic) continent. In addition, it produces ocean floor topography nearly a kilometer shallower than for other world oceans. For these reasons it may be considered representative of the Norwegian-Greenland Sea and, in particular, the Mohns Ridge spreading center. Figure 9 shows the topographic output from MR at 10, 30, and 60 m.y.,
showing the theoretical thermal evolution of the NorwegianGreenland Sea to present time. In Figure 9 the evolution is allowed to continue 100 m.y. beyond present to 160 m.y. From left to right, the early portion of the topographic curve shows the normal ocean ridge subsidence. The more rapid deepening at the continental margin is analogous to the heat flow edge effect (Figure 7a ) and is also due to the deepening of isotherms as the continent is approached. As the sea floor adjacent to the continent deepens with age, the edge effect broadens and becomes less pronounced. To the right of the ocean-continent boundary, the uplifted continent (shaded) is also seen to undergo a change in time. The amplitude of the uplift diminishes due to cooling; however, the uplifted area becomes broader as heat is diffused laterally into the interior of the continent.
Several processes such as erosion, deposition, and sediment loading have been ignored in these models. Those parts of the continental margin which are thermally uplifted above sea level would be expected to simultaneously undergo considerable erosion [Foucher and Le Pichon, 1972] . As a result of the removal of the eroded material, isostatic rebound would then result in further uplift. Subsequent deposition of the eroded material onto the adjacent oceanic area also plays an important part in shaping the continental slope. None of the features are included in the models presented here. In this respect, the model topography represents a fundamental profile governed primarily by a response to temperature. Never- Figure 7b combines the above effect (unexaggerated) with a shorter-wavelength effect due to the discontinuity in heat generation (ocean to continent) assumed for the models presented (the short-wavelength effect). theless, several features of the model may be directly relatable to actual continental margins. Walcott [1972] has shown that it is difficult to account for thick sediments found on some narrow margins by loading alone. This leaves open the possibility that some control might be exercised by the temperature field, i.e., a deepening of oceanic basement beneath continental margins may be an expression of a thermal edge effect. The topographic discontinuity between ocean and continent in the models represents a region of decoupling between the two. Geologically, this could be pictured as a zone of marginal faulting.
Earlier, it was mentioned that a model was tested in which the continent was allowed to heat up during a period of rifting 20 m.y. prior to the onset of sea floor spreading. The resulting topography at 60 m.y. for this case is shown in Figure 9 , the dashed curve. Note the absence of the edge effect at the continental margin, apparently offset by the higher initial temperatures in the trailing edge of the continent. Over the continent, the remnant of greater initial uplift is still quite strong at 60 m.y. Holtedahl [1960] published a map of Cenozoic uplift, believed to be of tectonic origin, across Scandanavia. In Figure  10 the Holtedahl data.along section AA' is plotted on a graph of uplift versus distance. The zero point on the horizontal axis is the Norwegian shoreline, and the vertical axis coincides with the position of the V6 ring Plateau Escarpment. The continental uplift from Figure 9 at 60 m.y. is plotted along with the Holtedahl data. The solid curve is for the simple initial condition (Figure 2a) , and the dashed curve a for the 'rifting' initial condition (Figure 2b) . Note that the solid. curve is considerably more displaced from the data than dashed curve a. This implies that with the simple initial condition an insufficient portion of the continent is affected thermally. The better fit of dashed curve a can be improved if it is assumed that all material uplifted above sea level is rapidly eroded, and more uplift is allowed via isostatic rebound (dashed curve b).
In light of the crude vertical temperature boundary condition used for the ridge axis, there is reasonably good agreement between the slope of the theoretical uplift curves and the data. While the computed ocean floor topography rapidly assumes steady state from point to point (i.e., the ocean depth 300 km from the ridge axis is the same at 160 m.y. as it is at 60 m.y.), the same is not true for points on the continental margin. In this region the model may be used to compute subsidence rates. Some results are shown in Figure 11 Figure 12 . The average heat flow across the interface changes with the particular thickness assumed. This is due to the change in gradient with depth. However, by increasing or decreasing that thickness, the 'window' through which heat is transferred is also opened or closed.
The lateral heat flow indicated in Figure 12 is for models starting with the simple initial condition of the left edge of a cold continent being at the melting temperature. The more realistic rifting initial condition would cause a shift in the time axis, producing a smaller ocean-continent temperature contrast for a given interval of spreading. The results shown in Figure 11 are also for the simple initial condition. One effect of using the rifting initial condition would be that the decreasing subsidence with distance from the continent edge would be more gradual and probably, for that reason, more realistic. for MR than for WO when topography is computed to 400-km depth. The increased temperature gradient at the ridge axis boundary results in newly intruded oceanic material having a temperature excess. This temperature excess in turn gives rise to additional isostatically compensated thermal expansion which accounts for the depth anomaly. Since cooling of oceanic material as it moves away from the ridge axis takes place predominantly in the vertical direction, an element of mass will retain its temperature excess above the temperature of normal ocean as spreading continues (i.e., each follows the same family of cooling curves). Thus the depth anomaly will persist as long as the gradient difference at the axis is maintained. Should this difference cease, subsidence of the ridge axis would precede eventual subsidence of the rest of the ocean to normal depths. Since an increase in the gradient of 0.2øC/kin is equivalent to 0.59 mW/m 2 (0.014 HFU) for a conductivity of 2.9 W/møC (7 mcal/øC cm s), there is no discernible heat flow anomaly.
The response of elevation to a gradient change of only 0.2øC/km was computed for a full 400-km-thick slab. A thinner slab would require a greater gradient increase to produce the same elevation. The interrelation of slab thickness L, gradient increases AI •, and the amount of sea floor shallowing AL is shown in Figure 13 . Any point along a given curve specifies the gradient increase which produces a given depth anomaly. Suppose that sea floor spreading takes place not in a continuous fashion but in a series of rapid surges. Between surges, forces build until the resistive forces are overCOme and the plate can move forward. As a result of the motion, energy is dissipated so that driving forces again must build. During the more or less stationary period, material could rise to a greater height at the axis than when the motion is occurring. By adding a periodic. component to the ridge axis boundary temperature to simulate this, thermal models could be constructed which reproduce the shorter-wavelength (,--10 km) rugged topography common to ridge axes superimposed on th• usual ocean floor subsidence curve. Because of lateral cooling, however, this short-wavelength topography would be expected to ß decay substantially in 10 m.y. (shorter wavelengths decaying more rapidly). So, this mechanism for generating rugged ocean ridge topography suffers from the same problem as the elevated continental margins. That is, while thermal expansion provides a convenient means for generating these features, it does not predict that they will be maintained.
Taken at face value, the changes in temperature gradient required to produce the topographic flucuations mentioned above would imply corresponding fluctuations in magma chemistry. This could provide a test for much of the above speculation. Alternately, it may be more realistic to explore whether or not similar topographic fluctuations might be produced by incorporating a resistive term into the differential equation. with a flux boundary condition at the ridge axis instead of the temperature boundary condition which has been used here. In view of these facts, it seems likely that the topography generated from the temperature field of a purely convective model which simultaneously incorporates ocean and continent would exhibit effects similar to those presented here.
IMPLICATION
The lower half of the 400-kin temperature field contributes little to the topographic effects. This is because the mean lateral heat transfer in this region is considerably less than for the upper 200 km. To this approximation, as was stated earlier, the lateral motion of the lower half of the region is insignificant (i.e., the model is not meant to suggest a 400-kmthick lithosphere). Below 200 km, the model produces •ertical temperature gradients which are nearly adiabatic, so the temperature field in the lower region is not greatly different from that produced by some convective models [e.g., Schubert et aL, 1978] . For these reasons, the model presented here may be considered an approximation to its more elegant but less tractable convective cOUnterpart.
